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The static S(Q) liquid structure factors for binary FexNi12x , x50.90, 0.85, and ternary Fe0.85Ni0.05S0.15
molten alloys are investigated by means of the concurrent use of neutron diffraction and reverse Monte Carlo
simulations. The measured G(r) radial distributions reveal atomic orderings varying from that present in the
Fe0.90Ni0.10 alloy, reminiscent of the ideal bcc structure of solid Fe, to a far more open structure found in
Fe0.85Ni0.05S0.15 . From data at hand no clear evidence of the clustering of sulfur within the Fe-Ni matrix is
found. In contrast, the addition of sulfur leads to significant changes in structural and some dynamical prop-
erties that can be inferred from knowledge of the static structure factors. Such dynamical changes seem to arise
as a result of a strong decrease of the elastic moduli of the alloys resulting from interactions with a light
element rather than from a density effect.
DOI: 10.1103/PhysRevB.69.094201 PACS number~s!: 61.25.Mv, 62.60.1v, 96.35.2jI. INTRODUCTION
Our present understanding of the nature of the inner core
of planets identifies light alloying elements as necessary in-
gredients to explain a wealth of seismic data.1 Liquid Fe and
Fe-Ni alloys as well as those of the same mixture with the
addition of elements such as O, Si or S are being extensively
investigated, especially at high temperatures and pressures,2
trying to emulate the conditions of planetary interiors. In
fact, the available evidence from seismological sources as
well as relevant planetological data measured by spacecraft
probes3 point towards the metallic liquid nature of the outer
cores of several planetary bodies.
Testing several Earth models against shock-wave
pressure-density and compressibility data at high pressure,
Birch1 pointed out that the outer liquid core of the Earth was
less dense ~by 10%! than bulk iron within the 133–330 GPa
pressure range. At pressures of 330–364 GPa, a density close
to that of pure iron matches models of the Earth.4 Several
light elements ~e.g., O, S, Si, and C! have been suggested as
possible alloying elements, which, upon dissolving in liquid
iron in the outer core, can account for its lower density. For
reasons easy to gauge, special attention was paid to the char-
acterization of thermal and mechanical properties of mix-
tures such as the iron-nickel sulfide alloy, since accurate
knowledge of them is required as input for thermomechani-
cal models of planetary cores. This kind of result is relevant
also to studies of solar system formation and comparative
planetology, including that of Earth. Io, the innermost Gal-
ilean satellite of Jupiter, and Earth, Ganymede, and Mars
seem to be the only bodies in the solar system for which a
metallic core has been directly detected either by means of0163-1829/2004/69~9!/094201~9!/$22.50 69 0942seismic waves ~Earth! or by measurements of the gravita-
tional field ~Io, Ganymede, Mars!.5,6,3 Given their relative
locations in the solar system, this remarkable similarity must
be accounted for in theories of solar system origin and evo-
lution.
What led us to focus our interest these molten alloys was
a relatively recent paper7 that has reported a highly anoma-
lous behavior of the ultrasonic sound velocity cv(T) and
attenuation a(T) in the mixture 85%Fe-5%Ni-10%S for tem-
peratures above melting (Tm51650 K) up to 2000 K under
its saturated vapor pressure. In fact and contrary to data for
the pure liquid-metal components,8 the acoustic velocity for
such a sample increases with temperature with a rate of
dc/dT50.625 m s21 K21 at 2000 K. Such a figure is to be
compared with the temperature dependence of the sound ve-
locity in molten iron, nickel, and sulfur, which show rates of
decrease of 1, 0.35, and 1.26 m s21 K21 ~Ref. 8! respec-
tively. On the other hand, the quantity actually reported in
Ref. 7, which is inversely proportional to the attenuation per
wavelength, decreases with increasing T at a rate which can
be estimated as 0.033 K21. Hydrodynamically, the main
contributions to acoustic attenuation are the longitudinal vis-
cosity and a heat-conduction term. The former quantity com-
prises bulk and shear viscosities. Again, the temperature de-
pendence of the viscosity of the pure metals decreases with
increasing temperature.8
All sources of possible artifacts in Ref. 7 ~segregation,
loss of sulfur from sample! seem to have been taken care off,
and on such a basis the existence of some form of micro-
scopic aggregation is postulated as a plausible explanation
for the observed acoustic anomaly.7 In fact, some electronic
properties of the pure liquid components are shown to©2004 The American Physical Society01-1
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S,9 something which is expected to lead to substantial
changes of structure. If such ‘‘molecular’’ units exist in the
liquid as a consequence of some sort of S-induced rearrange-
ments, then the breakup of these units with increasing tem-
perature will explain the increase in sound velocity ~greater
packing efficiency of the liquid! as well as the anomalous
behavior of the attenuation.
In addition, the advent of first-principles molecular dy-
namics simulations of molten Fe ~Refs. 10 and 11! and FeS
~Refs. 12! mimicking the conditions of the Earth interior
provide us with a valuable tool to gain access to quantities
not easily amenable to experiment. Particular attention merit
some recent reports12 on the effects brought forward by light
elements such as sulfur on the microscopic structure of mol-
ten iron.
Here we report on a neutron diffraction study of the liquid
mixtures referred to above within the temperature range
1700–2000 K, aiming to detect significant differences of
structure at scales of a few tens of angstroms. The structure
of the liquid-metallic elements13 as well as that of molten
sulfur14 has been determined with substantial accuracy. Two
compositions of the FexNi12x , x50.9 and x50.85, binary
alloys are studied to check whether significant differences
arise due to composition and these are compared to a
Fe0.85Ni0.05S0.10 alloy. This will enable us to distinguish
whether significant positional correlations develop with the
addition of a light component or, on the contrary, the struc-
ture of the ternary alloy conforms to that of a random mix-
ture of the three components.
II. EXPERIMENTAL DETAILS
Three samples with compositions Fe0.90Ni0.10 ,
Fe0.85Ni0.15 , and Fe0.85Ni0.05S0.10 were prepared by Metal
Laboratory, Centro Ato´mico Bariloche, Argentina. The alloys
were prepared from high-purity Fe, Ni, and FeS in an arc
furnace, on a water-cooled copper hearth, using nonconsum-
able electrodes under a 350-Torr Ar atmosphere. Each alloy
was melted at least six times in order to ensure sample ho-
mogeneity.
The neutron diffraction experiments were performed us-
ing the D4C instrument15 at the Institut Laue-Langevin
~Grenoble, France! with an incident neutron wavelength of
0.7117~1! Å. This wavelength and the corresponding zero-
angle correction 0.1834(2)° were determined by means of
an independent measurement using a Ni powder sample as
standard. The samples were held in cylindric sapphire con-
tainers of 10.0 mm internal diameter and 1.0 mm wall thick-
ness, placed in a high-temperature tungsten furnace, which in
time was placed in the evacuated instrument belljar. This
furnace consists of two concentric tungsten surfaces: a heat-
ing element of 4.6 cm diameter and 0.06 mm thickness and
an external wall of 121 mm internal diameter and 3.6 mm
thickness.16
Diffraction patterns were taken for the samples in their
container and the empty container, in the range of
1.5° –140°. The empty container spectrum at high tempera-
ture ~1823 K! was measured for each sample after rotating09420the container around its axis to determine the position for
which fewer Bragg peaks fall in the spectrum. This is pos-
sible because each container is built up from a sapphire
single crystal in such a way that none of its principal axes
was parallel to the cylinder axes. Once the container was
cooled, it was filled with the sample and heated again up to
1823 K until complete melting was achieved. A diffraction
pattern at room temperature was also taken for a vanadium
rod of dimensions comparable to the sample for normaliza-
tion purposes. The intensity for the empty furnace and a
cadmium neutron-absorbing rod of similar diameter to the
sample were also measured to account for the effect of
sample self-shielding on the background count rate at small
scattering angles.17 Each complete diffraction pattern was
built up from the intensities measured for the different detec-
tor groups. These intensities were saved at regular intervals
and no deviation between them was observed, apart from the
expected statistical variations, which verified the diffracto-
meter and sample stability.18 A sample of raw data is shown
in Fig. 1. Notice that while there is in principle data extend-
ing up to 140° a strong dip is seen in the curves labeled as
container and sample plus container centered at about 110°.
This arises from a tungsten rod that supports the heating
element. Since it is off centered with respect to the sample
position, an accurate analytical correction of this effect is
hard to pursue. While under similar circumstances data
smoothing and interpolation to remove such parasitic scatter-
ing are common practices, we have chosen to limit our an-
gular range to 95°. This leads to some reduction in real-
space resolution but prevents the introduction of possible
artifacts brought forward by the employed data filtering pro-
cedures.
The measured distributions of neutron counts versus scat-
tering angle were first corrected for absorption and multiple
scattering effects by means of the CORRECT code.19 The
procedure required some previous knowledge of the densities
of the molten alloys. To do so the corresponding molar
compositions were calculated ~Table I!, and an initial
FIG. 1. Measured raw intensities at 1823 K for a sample of
Fe0.85Ni0.15 , the empty sample container and the empty oven. No-
tice the magnifications employed to display the latter two.1-2
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Composition by weight Molar composition bcoh
2 (b/4p) Density (Å23)
Fe90Ni10 Fe0.9044Ni0.0956 0.9081 0.085
Fe85Ni15 Fe0.8562Ni0.1438 0.91583 0.08
Fe85Ni5S10 Fe0.79311Ni0.04439S0.1625 0.70788 0.075r50.08 Å23, which corresponds to a value somewhat be-
tween that of the pure liquid Fe and liquid Ni, was used.
In addition, all three samples present a low-angle scatter-
ing contribution as can easily be gauged from Fig. 1. For
liquids such as ours, composed of atoms carrying well-
defined magnetic moments ~Fe, Ni!, the simplest conceivable
case is to consider scattering from randomly oriented ~and
uncorrelated! spins. This will give rise to a paramagnetic
scattering contribution given by20
S dsdV D para5
2
3 r0
2S~S11 !@F~Q !#2, ~1!
where r0520.5391310212 cm is the classical electron ra-
dius times the neutron magnetic moment, S52, with 3d6
electrons, and @F(Q)# stands for the average magnetic form
factor ~i.e., due to the spatial distribution of the unpaired
atomic electrons!. The latter has been previously
determined21 for single-crystalline Fe0.66Ni0.34 at 300 K and
found to be isotropic for the Q range of interest here. It gives
a value for the average localized moment of 1.48mB (1.80mB
for iron and 0.87mB for nickel!, which is to be taken as an
upper bound.
A comparison of the paramagnetic scattering contribution
just referred to with the measured cross section for
Fe0.90Ni0.10 is shown in Fig. 2. A glance to such graph shows
that the low-angle data are confined to shorter wave numbers
than those spanned by F(Q), which may be taken as an
indication of some degree of correlation between the mag-
netic moments. A first assessment of the nature of such
small-angle signal was made by examining the shape of the
riseup appearing for Q values below 1 Å21 in terms
R(Q)215(ds/dV)21 versus Q2. The rationale behind this
is to identify whether such scattering arises from paramag-
netic and/or critical fluctuations having a well-defined Q de-
pendence. For systems such as solid Fe-Ni Invar alloys22 or
amorphous Fe-based spin glasses23 within their paramagnetic
phases, the observed magnetic scattering usually follows the
Ornstein-Zernike ~OZ! form
R~Q !5 AQ21k2
, ~2!
where k stands for the inverse of a correlation length and A
is an amplitude factor that can be calculated upon detailed
knowledge of the exchange constant. Such a functional form
would then yield straight-line plots for the inverse of the
cross section versus Q2. The inset of Fig. 2 shows that both
samples follow the OZ prescription remarkably well. The
slopes of such straight lines yield estimates for A21 and the
intercepts give those for A21k2. The derived values for the09420latter parameters were k’0.66 Å21 for both the binary alloy
and the sulfur-containing samples. This yield real-space cor-
relation radii of the order of 1.5 Å, indicating that some sort
of spin correlations up to distances separating nearest neigh-
bors ~i.e., up to about 3 Å! still persist in the liquid state. On
such grounds we approximate the small-angle contribution
by the magnetic contribution to the cross section,
S dsdV D
mag
5
2
3 r0
2 1
4 @F
2~Q !#R~Q !, ~3!
an example of which is also shown in Fig. 2.
To account for departures from the static approximation
we have first calculated the terms entering the Placzek ex-
pansion of the cross section using the average atomic mass,
temperature, incident neutron energy, and detector param-
eters as input. The calculated values for the Q-squared terms
of the two binary alloys were of 2.331024 Å2 and those for
the fourth-power term were of 22.631028 Å4. The effect
of the light element leads to an increase of the quadratic
coefficient up to 2.031023 Å2 while the fourth-order yields
22.331028. Such a set of values is able to correct for most
of the small drop in cross section at large angles. Somewhat
improved estimates were derived from fits of the cross sec-
FIG. 2. A comparison of the measured ds/dv single-
differential scattering cross-section for molten Fe0.90Ni0.10 ~vertical
bars! including the magnetic contributions to low-angle scattering
~dash-dots line! as well as the purely nuclear contribution ~solid
line!. The long dashes represent the magnetic form-factor for
Fe0.66Ni0.34 Invar alloy as measured at 300 K ~see text!. The inset
depicts plots of the inverse of the measured intensity versus Q2 for
Fe0.90Ni0.10 ~line with vertical bars! and for Fe85Ni5S10 ~line with
circles!.1-3
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while keeping the maximum departure from the calculated
quantities within 15%.
The derived static structure factors obtained after subtrac-
tion of the magnetic component and normalized by the aver-
age squared coherent scattering lengths are shown in Fig. 3.
Extrapolation to Q→0 yields estimates for the compress-
ibility limit S(0)5rkBTkT), where kT stands for the iso-
thermal compressibility, of 0.026~4!, 0.026~6!, and 0.04~7!
for the three samples, respectively. Such values can be are
found to be consistent with estimates made from the macro-
scopic values of the sound velocity and densities for the
three samples.7,8,24
The resulting S(Q)21 were then transformed into real
space to give 4pr@G(r)21# and a new set of improved
estimates for the densities was then derived from its low-r
slope, which should follow 24prr . The process was done
iteratively until no significant variations were detected and
the final values are given in Table I.
III. RESULTS
Figure 3 shows the corrected structure factors for the
three compositions. As expected, there are relatively small
differences between spectra for both FexNi12x samples.
Maxima corresponding to the first peaks are located at
3.03 Å21 and their height varies from 3.07 for Fe90Ni10 to
2.90 for Fe85Ni15 . In contrast, a strong decrease to 2.15 in
the height of the first peak is observed for the sulfur-
containing sample that is accompanied by a small shift of
0.06 Å21 to lower wave vectors. Also, the latter sample
shows a less marked structure in its second oscillation. The
observation just refereed to indicates the presence of a less
dense and less-structured liquid resulting from the action of
the light element.
FIG. 3. Static structure factors for the three compositions as
labeled. The curves have been shifted by one unit for the sake of
clarity. The inset shows the structure factors for the Fe90Ni10 ~dots!
and the sulfur-containing sample ~solid line! drawn onto a common
scale.09420The data corresponding to G(r), which is the radial dis-
tribution function g(r) weighted by the scattering lengths,
are shown in Fig. 4. The graphs shown for the three samples
depict the presence of significant oscillations that reveal
rather long-ranged density correlations extending up to dis-
tances as long as 15 Å. The most remarkable feature here is
the closeness of the phases of all three weighted pair distri-
bution functions for distances smaller than 6 Å as well as the
notable differences exhibited by the Fe85Ni05S10 samples
with respect to the two binary alloys above such a cutoff
value. In real numbers, the first peak of the three G(r)’s is
centered at 2.48 Å with heights of 2.55, 2.56, and 2.41 for
Fe90Ni10 , Fe85Ni15 , and Fe85Ni05S10 , respectively. Clear dif-
ferences for the shape of the oscillations can be gauged from
the inset of Fig. 4. The result is rather impressive since, as
can be inferred from data shown in Table I as well as from
the individual neutron coherent cross sections for Fe, Ni, and
S that are scoh511.22, 13.3, and 1.02 b, respectively, most
of the spectral features arise from Fe-Fe correlations.
To make some quantitative estimate of the observed dif-
ferences in the partial pair correlations, the functions T(r)
54prr2G(r) were evaluated and are shown in Fig. 5. These
quantities are defined as T(r)54pr2( i(kr ikb¯ ib¯ kgik(r)
where the latter stands for the partial pair correlation func-
tions. There it is seen that the T(r) distributions, the integral
of which measures the number of particles within a volume
element defined by a sphere with radius r, show significant
differences between all the three samples. In fact, a rough
estimate of the differences in microscopic densities is pro-
vided by integrals of such functions using as upper limits
their local minima that are located at about 3.3 Å and 5.6 Å
respectively. The particle numbers obtained are 13.7, 12.6,
and 12.2, corresponding to the first peak of Fe90Ni10 ,
Fe85Ni15 , and Fe85Ni5S10 , respectively. The corresponding
figures for integrals taken up to the second minima are 60.9,
FIG. 4. Pair correlation functions for the three compositions as
labeled. The curves are displaced by a factor of 1 for clarity. The
inset compares the three D(r)}r@G(r)21# real-space correlation
functions on the same scale. The thick line shows the function for
the Fe85Ni5S10 sample. Open lozenges show the correlation function
for Fe90Ni10 and dashes that for Fe85Ni15 .1-4
MICROSCOPIC STRUCTURE OF Fe-Ni AND Fe-Ni-S . . . PHYSICAL REVIEW B 69, 094201 ~2004!59.0, and 53.8 respectively. An attempt to cast such differ-
ences in terms of coordination numbers was made by means
of decomposition of T(r) into a sum of four Gaussian func-
tions plus an extra one included to take account of the tail of
the higher-distance correlations. The procedure which does
not provide unique estimates for the number of particles in
the coordination spheres is here employed since our main
interest is focused on differences between the three compo-
sitions rather than accurate estimates for individual samples.
The numerical values are given in Table II and their sig-
nificance is addressed by comparison with simulation data.
An account made of the provisos referred to above the
data shown in Table II suggests a transition from a liquid
structure not far from that of the bcc structure of the parent
Fe crystal that would correspond to values of 8 and 6 for the
first two Gaussians and 8 and 24 for the former two, to a far
less densely packed structure in Fe85Ni5S10 where the num-
bers in its first coordination shell fall by about 22%.
The figures given above can also be compared to those
derived from ab initio simulations on FeS.12 There it was
found that the integral of the first peak of the radial distribu-
tion of FeS yields a coordination number of 10.8 that is to be
compared with the sum of the first two rows of Table II. This
would yield a value of 9.9 for the sulfur-containing samples
while the sample having the largest iron content shows a
higher coordination number of 12.7. Such trends are also
FIG. 5. T~r! for the three samples, solid line corresponds to the
Fe90Ni10 sample, the dashes to Fe85Ni15 and filled symbols to
Fe85Ni5S10 . The dashed lines display a decomposition of the latter
curve in terms of a sum of five Gaussians.09420reproduced in the above referred to simulation on Fe90S10 .12
The relevant number for molten iron to compare such figures
has been reported to be 13.8 ~Ref. 12! rather close to 14,
which correponds to the bcc structure.
IV. DISCUSSION
To understand with some more detail the observed trends
in terms of particle configurations we have carried out a set
of reverse Monte Carlo simulations ~RMC!.25 For such a
purpose we have constructed simulation cells containing up
to 20 000 atoms with the proportions corresponding to the
three compositions.26
Several starting configurations were chosen. First we
chose a random configuration of all the atomic species with
the only imposed constraint that the distance between all
atoms cannot be less than 1.8 Å. A second set of simulations
was carried out for the Fe-Ni-S sample where the initial con-
figuration consisted in all sulfur atoms arranged in S-S pairs
and S-S-S triplets. The geometric constraints on such units
were those reported in Ref. 27 using a bond length of 2.08 Å
and a bond angle of 108.5°. Larger aggregates were not used
since, as explained below, the optimization algorithm tends
to tear apart the S-S pairs and, on the other hand, molten
sulfur at T>1300 K is known to form small @S2 to S5 ~Ref.
27!# aggregates breaking any other larger chain or ring struc-
ture.
In all cases the initial configurations were later on modi-
fied following a Monte Carlo strategy25 so that the calculated
structure functions were able to adjust to the experimental
neutron diffraction patterns. An example of the quality of the
fitted functions is shown in Fig. 6. From there one sees that
the algorithm adequately reproduces the experimental obser-
vations in terms of particle configurations which give plau-
sible atomic structures compatible with the observed S(Q)
@or G(r)].
From snapshots of the liquid structures as determined
from RMC simulations some statistics about particle geom-
etries were derived. Data for the calculated neutron-weighted
T(r) were found to adequately reproduce the figures given
from integrals of such functions as referred to above. In ad-
dition we now have access to information on the gik(r) and
this provides a check on the estimated coordination numbers
given in Table II. Because of the relative concentrations and
scattering lengths of the three components, the most reliable
results concern those positional correlations involving iron.
A representative sample of those is shown in Fig. 7.
From Fig. 7 one gauges the following. First, the closestTABLE II. Parameters defining the decomposition of the T(r) distributions into sums of five Gaussians.
Gaussian Fe90Ni10 Fe85Ni15 Fe85Ni5S10
Center ~Å! Coordination Center ~Å! Coordination Center ~Å! Coordination
1 2.46 6.6~3! 2.44 5.4~4! 2.45 4.9~4!
2 2.79 6.1~4! 2.75 5.8~6! 2.76 5.0~5!
3 4.18 16 ~1! 4.1 18~1! 4.11 19~2!
4 4.71 30~3! 4.7 25~4! 4.70 19~3!1-5
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from the binary alloy ~peak at 2.46 Å! to the sulfur-
containing sample ~peak at 2.5 Å! by an amount larger than
that given in Table II. Also the peak intensity decreases, in-
dicating a reduction in the coordination numbers covered by
the first two Gaussians listed in Table II. Similar trends are
also visible for the Fe-Ni correlations. Second, Fe-S correla-
tions show a well-defined first peak at 2.36 Å and subsidiary
maxima at 4.4 and 6.6 Å. The value corresponding to the first
peak compares favorably with that reported for crystalline
FeS showing a troilite structure ~a relative of the NiAs struc-
ture with P6¯2c space group!.26 Its width, which becomes
comparable to that of the other two pair correlations, indi-
cates that Fe-S short-ranged correlations last for short times
only, thus suggesting that no stable Fe-S entities are formed.
An estimate of the position of the first peak for Ni-S corre-
lations ~not shown! gives a value of 2.6 Å. The iron structure
is to be compared with that reported for molten iron13 near
melting where the main maximum of g(r) is at about 2.56 Å,
having a value of 2.54. From such a comparison we see that
both binary and sulfur-containing alloys are closer packed at
short range than molten iron and, in fact, the nearest-
neighbor Fe-Fe correlations become now close to those
shown by molten Ni ~maxima of 2.36 at 2.46 Å!.
FIG. 6. Examples of approximations to the experimental struc-
ture factors derived from reverse Monte Carlo simulations. Experi-
mental data are shown by dashed lines; the RMC fits as vertical bars
and the residuals that are displaced by 20.5 units are shown by a
solid line.09420A calculation of the distribution of bond angles subtended
by three atoms within distances smaller than 3 Å from the
origin was carried out. The main results are shown in Fig. 8
which compares an average angle subtended by three atoms
all of which are Ni or Fe with that corresponding to a triplet
where one of the atoms corresponds to sulfur. The figure just
referred to also serves to compare the angles subtended by
the central atom and its nearest neighbors within a bcc lattice
with the calculated average distribution for triplets contain-
ing Fe or Ni. The picture that emerges from here portrays the
local geometry of Fe or Ni within the alloys as close to that
of the native bcc structure of low-temperature Fe. On the
other hand, as also seen from Fig. 8 the introduction of sulfur
leads to a wider distribution of bond angles, making the local
structure to further depart from the bcc reference.
No significant S-S correlations were found in Fe85Ni5S10
after extensive searches over many particle configurations
and initial conditions. In fact, our present data and the sub-
sequent analysis of the basis of the RMC results are consis-
FIG. 7. Estimates for the radial distribution functions involving
Fe atoms as derived from the RMC fits. Vertical dashes depict the
functions for the Fe85Ni15 mixture and solid lines those for
Fe85Ni5S10 .1-6
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whole metallic Fe-Ni matrix. Moreover, no clear signature of
a well defined S-S bond is seen either as a molecular form
factor contributing to S(Q) at large Q values or as an iden-
tifiable peak appearing at about 2 Å in the static correlation
function. This finding is in apparent contrast with the conjec-
ture put forward by Nasch et al.7 of the formation of long
aggregates of ‘‘molecular’’ sulfur that break down with in-
creasing temperature as a main mechanism to explain the
ultrasound data. Our data, while in contrast with arguments
given by Ref. 7 are in line with first-principles calculations
reported in Ref. 12, where no tendency to polymerization of
sulfur was found, and the same applies to calculations re-
ported by Tse and King et al.27
The simplest liquid dynamics quantity that can be calcu-
lated from knowledge of the static structure factors S(Q) is
the square root of the spectral second frequency moment
defined as
^v0
2&1/25AE dvv2S~Q ,v!S~Q ! 5AkBT\2Q2MS~Q ! , ~4!
where S(Q ,v) stands for the dynamic structure factor and M
is the average atomic mass. This quantity has the low-Q limit
of limQ→0^v0
2&1/25QcT , where cT stands for the isothermal
sound velocity. Figure 9 displays the wave-vector depen-
dence of ^v0
2&1/2 for a binary melt as well as the sulfur-
containing sample. The hydrodynamic dispersion laws are
calculated from values of the isothermal sound velocities de-
rived from the low-Q limit of S(Q). These values are
3661 m s21 for Fe90Ni10 , 3242 m s21 for Fe85Ni15 , and
2741 m s21 for Fe0.85Ni0.05S0.15 , respectively, and are to be
FIG. 8. Distribution of bond angles as calculated from particle
configurations derived from RMC fits. The dots display an average
of bond angles for triplets of atoms formed by Fe or Ni. The solid
line depicts the corresponding distribution for the sulfur-containing
sample for triplets containing least one sulfur atom. The vertical
bars show the angles for a bcc lattice.09420compared to those for the adiabatic sound velocity as mea-
sured by ultrasound cv(T)5AgcT2 . The value for the
Fe90Ni10 sample is 4244 m s21 using a Gru¨neisen value of
1.344 ~Ref. 24!. Such a value is somewhat below that of the
4400 m s21 figure quoted for molten Fe above melting,8 but
above that of 3820 m s21 also quoted at melting by Nasch
et al.24 Our estimate for the sulfur-containing sample com-
pares to that reported by Nasch et al.7 if a value of about
1.36 is used for the Gru¨neisen parameter g .
In both cases depicted in Fig. 9 the hydrodynamic regime
of ^v0
2&1/2 is well approached from below. Also, at large mo-
mentum transfers the oscillations follow the corresponding
ideal-gas limits given by the particle thermal velocities only.
The approach to the v5cQ hydrodynamic dispersion from
below contrasts with the behavior of the physical excitation
frequencies which in the molten state of 3d metals such as
molten Ni ~Ref. 28! approaches the hydrodynamic dispersion
from above, a phenomenon known as positive dispersion.
The latter is found to be ubiquitous in molten metallic
alloys29 or in pure metals30 and is known to be crucial to
enable the decay of phonon excitations.31
An estimate of the generalized high-frequency elastic
constant C11(Q) may be obtained from the relationship32
C11~Q !5
Mrv l
2
Q2
, ~5!
where the term in the numerator stands for the mass density
times a quantity related to the fourth-frequency moment
of S(Q ,v). Because of the lack of detailed knowledge
of the latter quantity, an approximation for v l is given
FIG. 9. Reduced spectral second frequency moments for
Fe85Ni5S10 ~solid line! and Fe90Ni10 ~thick dashes!. The straight
lines correspond to hydrodynamic dispersion laws v5cQ , calcu-
lated with the isothermal sound velocities ~Ref. 24!. The thin
dashed lines represent the values of the ideal-gas limits ^v id
2 &1/2
5AQ2kBT/M , where M stands for the mean atomic mass. The inset
depicts a comparison of the wave-vector-dependent elastic moduli
C11(Q) for both samples. Symbols at Q50 stand for the corre-
sponding quantity for bcc iron at 300 K ~solid symbol! and an
FeNi31 alloy at 1373.5 K ~open symbol!. See Ref. 34.1-7
G. J. CUELLO et al. PHYSICAL REVIEW B 69, 094201 ~2004!by v l
28(3Q2kBT/M )1vE2 (123 sin Qred /Q red26 cos Qred/
Q red2 16 sin Qred /Q red3 ) with Q red5QRmax where Rmax stands
for the position of the main peak of g(r). Estimates for the
‘‘Einstein frequencies’’ vE are again made from established
correlations based upon the Lindemann melting criterion.33
The low-Q limit of C11(Q) yields the sum B14G/3 of bulk
and shear modulus and represents the instantaneous, solid-
like response of the collective oscillation. This enables to
establish a comparison with elastic data for the solid and this
is done in the inset of Fig. 9 where the wave-vector-
dependent quantities are compare with macroscopic data for
pure bcc iron as well as for some some Invar alloys.34 As
seen there the high-frequency response of molten Fe90Ni10
becomes at short interaction times comparable to that of bcc
iron and the same applies to that of the sulfur-containing
sample.
V. CONCLUSION
As a main conclusion, the data quoted above show that
relevant structural details as well as some insight into the
dynamics of alloys suspected to be present within the Earth’s
outer core can be derived by means of neutron diffraction.
This opens the way for future experiments using isotopic
substitution in order to derive firsthand experimental infor-
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